Context: Abnormalities in the hypothalamo-pituitary-gonadal axis have long been reported in Noonan syndrome (NS) males with only few data available in prepubertal children. Objective: The aim of this study was to describe the gonadal function of NS males from childhood to adulthood. Design: It is a retrospective chart review. Patients and methods: A total of 37 males with a genetically confirmed diagnosis of NS were included. Clinical and genetic features, as well as serum hormone levels (LH, FSH, testosterone, anti-Müllerian hormone (AMH), and inhibin B) were analysed. Results: Of the 37 patients, 16 (43%) children had entered puberty at a median age of 13.5 years (range: 11.4-15.0 years); age at pubertal onset was negatively correlated with BMI SDS (r = −0.541; P = 0.022). In pubertal boys, testosterone levels were normal suggesting a normal Leydig cell function. In contrast, NS patients had significant lower levels of AMH (mean SDS: −0.6 ± 1.1; P = 0.003) and inhibin B (mean SDS: −1.1 ± 1.2; P < 0.001) compared with the general population, suggesting a Sertoli cell dysfunction. Lower AMH and inhibin B levels were found in NS-PTPN11 patients, whereas these markers did not differ from healthy children in SOS1 patients. No difference was found between cryptorchid and non-cryptorchid patients for AMH and inhibin B levels (P = 0.43 and 0.62 respectively). Four NS-PTPN11 patients had a severe primary hypogonadism with azoospermia/cryptozoospermia. Conclusions: NS males display Sertoli cell-specific primary testicular insufficiency, whereas Leydig cell function seems to be unaffected.
Introduction
Noonan syndrome (NS; Mendelian inheritance in man (MIM) # 163950) is a common autosomal dominant genetic disorder characterized by the association of craniofacial abnormalities, congenital heart defects (i.e. pulmonary valve stenosis and hypertrophic cardiomyopathy), short stature and skeletal abnormalities (i.e. pectus, scoliosis), variable developmental delay/learning disability and predisposition to myeloproliferative disorders (1, 2, 3) . associated with heterozygous missense mutations in four genes: about 50% of NS patients have a mutation in the protein tyrosine phosphatase non-receptor type 11 (PTPN11) gene, along with less common mutations notably in SOS1, RAF1 and KRAS genes, accounting for 10, 10, and <2%, respectively (3) . Genetic screening remains negative in about 30% of NS patients. A specific cluster of mutations in PTPN11 gene are also found in about 90% of patients with NS with multiple lentigines (NSML; MIM # 151100). This syndrome previously referred to as LEOPARD syndrome (acronym for multiple Lentigines, Electrocardiographic conduction abnormalities, Ocular hypertelorism, Pulmonary stenosis, Abnormal genitalia, Retardation of growth, sensorineural Deafness) is closely related to NS and might be difficult to differentiate in early life. The PTPN11 gene encodes the Src-homology 2 domaincontaining tyrosine phosphatase 2 (SHP2), a widely expressed non-receptor protein tyrosine phosphatase that positively regulates the RAS/ERK signalling pathway. From a biochemical point of view, NS-causing mutants induce hyperactivation of the phosphatase (gain-of-function mutation), leading to an enhancement of RAS/ERK activation which is responsible for the different features of NS, notably craniofacial and heart defects, as well as growth retardation (review in (5, 6) ).
Abnormalities in the hypothalamic-pituitarygonadal axis have long been reported in NS patients. In both sexes, the onset of puberty is usually delayed and is associated with a decreased pubertal growth spurt (7, 8, 9) . Although fertility does not seem to be affected in NS females, gonadal dysfunction with deficient spermatogenesis has been described in NS males (10, 11) ; this may explain the sex ratio distortion/predominant transmission by the mother in familial cases. It has been suggested that impaired fertility may be related to cryptorchidism, which is reported in up to 80% of NS males (8) . However, Sertoli cell dysfunction has also been reported in NS male with normal testicular descent that could suggest an intrinsic defect of these cells (12, 13) . This hypothesis is strengthened by the critical role of PTPN11 in the regulation of spermatogenesis and subsequently male fertility (review in (14) ). Thus, PTPN11 is expressed in immature germ cells and Sertoli cells, through all developmental stages from birth to adulthood (15) . Global conditional or germ cell-specific deletion of Ptpn11 in mice cause infertility as a result of altered blood-testis barrier (BTB) or impaired maintenance of spermatogonial stem cells (SSC), which are the precursors for germ cells (16, 17) . Interestingly, Sertoli cells either lacking SHP2 or expressing a constitutively active mutant of SHP2 do not support SSCs renewal and differentiation, suggesting that fine-tuned levels of SHP2 activity in Sertoli cells are required for proper spermatogenesis (15, 17) . Finally, SHP2 regulates steroidogenesis in Leydig cells. Indeed, treatment of primary Leydig cell cultures with SHP2 inhibitor or shRNA-mediated Ptpn11 knockdown decreased testosterone production, whereas SHP2 overexpression increased steroid production (18) .
Most studies in NS have focused on pubertal and adult gonadal function with only few data available in prepubertal children. To our knowledge, only one study has investigated markers of testicular function, such as anti-Müllerian hormone (AMH) and inhibin B, in NS prepubertal boys (12) . Moreover, the better knowledge of the genetic bases of NS made possible to look for genotypephenotype correlations, notably with cardiac, growth and haematological defects (1, 19) , but these correlations have not been investigated for gonadal function. In the present study, we aimed to describe the gonadal function of boys with NS and NSML according to their phenotype, notably the presence or not of cryptorchidism and evaluate whether mutations in the different genes involved in NS and NSML may have differential impact. To achieve this goal, we performed a retrospective chart review in 37 boys with NS or NSML harbouring mutations in the PTPN11, SOS1, RAF1 or KRAS genes.
Subjects and methods

Patient population
The study population included 37 male patients with a genetically confirmed diagnosis of NS who were followed at the Children's Hospital in Toulouse, France, between 2008 and 2018. The genetic diagnosis was defined as the presence of a germline mutation in one of the following genes: PTPN11, SOS1, RAF1 or KRAS. Two types of PTPN11 mutations were distinguished: NS-associated PTPN11 mutations (NS-PTPN11) (gain-of-function mutation) and NSML-associated PTPN11 mutations (NSML-PTPN11) (loss-of-function mutation). A total of 37 boys were identified with NS-PTPN11 mutations in 26 (70.3%) patients, NSML-PTPN11 mutations in 2 (5.4%), SOS1 mutations in 6 (16.2%), RAF1 mutations in 2 (5.4%), and KRAS mutations in 1 (2.7%).
Personal history (including cardiopathy, short stature and cryptorchidism) and clinical data (including height, weight and Tanner stages) were obtained by retrospective chart review. The median age at the last visit was 11.1 years (range: 1-30 years) with a median duration of follow-up of 2.9 years (range: 0.1-16.7 years).
Due to the retrospective design of the study, the approval by an independent ethical committee was not required according to the French law (Jardé law dealing with the Research Implying Human Person (RIHP), November 16th, 2016). Patient information was pseudonymized and de-identified prior to analysis. Written informed consent of parents and assent of the children were obtained for the molecular diagnosis of NS in the framework of standard clinical management.
Clinical data
BMI was calculated as the ratio of weight in kg divided by the square of height in metres. Height, weight and BMI measurements were converted to age and sex-specific standard deviation score (SDS) on the basis of published reference data (20, 21) . Pubertal development was evaluated according to Marshall and Tanner staging (22) .
Semen collection and analyses
Four patients who had the association of high FSH levels and low inhibin B levels were referred to the fertility centre for evaluation and fertility preservation.
At the fertility centre, informed consent before the cryopreservation was obtained from all patients and from parents for minor subjects. Semen samples were collected by masturbation after a recommended 2-6 days of sexual abstinence. The semen analysis was performed according to the 2010 World Health Organization (WHO) guidelines (5th edition). The characteristics considered were sexual abstinence (days), ejaculate volume (mL) and pH, sperm concentration (10 6 /mL), round cell concentration (10 6 /mL), spermatozoa vitality (%) and progressive motility (PR, %), non-progressive motility (NP, %) and total sperm count (10 6 /ejaculate). After semen analysis, if spermatozoa were found even in the pellet, each sample was diluted in cryoprotectant medium (SpermFreeze, FertiPro) and aspirated into high-security straws (CryoBioSystem). Straws were frozen and stored in liquid nitrogen.
Biochemical measurements
Blood samples were taken as part of the clinical follow-up of the patients. During the study period, different measurement kits were used. Testosterone was assessed using radio-immunoassay (RIA) kit (Cis-Bio International, Gif-sur-Yvette, France). Serum luteinizing hormone (LH) and follicle-stimulating hormone (FSH) were measured using one of two automated immunoassays (ADVIA Centaur, Siemens Healthcare and Cobas, Roche Diagnostics). Serum inhibin B level was determined using one of three enzyme-linked immunoassay (ELISA) kits (OBI-DSL, Oxford, UK; Beckman-Coulter, Inc.; Anshlabs, Webster, TX, USA). Serum AMH was quantified using one of three enzyme-linked immunoassay (ELISA) kits (DSL-Beckman-Coulter; GenII Beckman-Coulter; Cobas, Roche Diagnostics). Dates, sensitivity, inter-and intraassay coefficient of variations, low detection limit, as well as correction factors between different hormonal assays are indicated in Supplementary Table 1 (see section on supplementary data given at the end of this article). Serum AMH results were transformed to sex-, age-and Tanner stages-specific SDS from the average result in the reference population using the data published by Grinspon et al. (23) . Serum inhibin B results were transformed to sex-and age-specific SDS using the reference published by Crofton et al. (24) .
Molecular analyses
All molecular analyses were performed at the Department of Genetics of Robert-Debré Hospital (H Cavé, A Verloes), Paris, France. DNA samples were obtained from peripheral leukocytes. Mutation screening was performed by direct bidirectional sequencing of exons and their flanking intron-exon boundaries. The entire coding regions of PTPN11, SOS1, RAF1 and KRAS genes were tested in all patients. Primers and PCR conditions are available on request.
The PCR products were sequenced (Big Dye Terminator Cycle Sequencing Ready Reaction Kit (Applied Biosystems) and reaction products run on an automated capillary sequencer (ABI 3100 Genetic Analyzer, Applied Biosystems). Sequences were aligned using Seqscape analysis software (Applied Biosystems) and compared with the reference sequences for genomic DNA and mRNA. GenBank accession numbers for genomic and mRNA reference sequences, respectively, are as follows: PTPN11 NC_000012 and NM_002834, SOS1 NC_000002 and NM_005633, RAF1 NC_000007 and NM_004333 and KRAS NC_000012 and NM_033360 (isoform a) or NM_004985 (isoform b).
Statistical analysis
Raw results were transformed to age-and sex-specific SDS from the average result in the reference population using 
Results
Clinical and genetic features of NS patients
The main clinical and genetic features of the 37 NS patients are summarized in Supplementary Table 2 .
Growth hormone (GH) therapy was started in 9 (24%) patients at a mean age of 8.2 ± 3.9 years; only auxological data from non-GH-treated NS patients were reported. As previously reported, NS patients were significantly shorter (height SDS: −1.4 ± 1.2; P < 0.001) and leaner (BMI SDS: −1.1 ± 0.9; P < 0.001) compared with the general population. Bone age was delayed of −1.4 ± 1.1 years. Serum leptin levels assessed in 27 patients were low (mean: 1.3 ± 0.9 pg/mL; normal values: 2.0-5.6) with 88% of the values below the lower range limit.
Cryptorchidism was found in 24 (65%) of NS boys, it was bilateral in 14 (58%) patients, and patients were operated on at a median age of 2.5 years (range: 1.4-10.4 years).
Onset of puberty and testicular volume
During the study period, 16 (43%) children had entered puberty (defined as testicular volume ≥4 mL or Tanner stage G2) at a median age of 13.5 years (range: 11.4-15.0 years). Puberty was delayed (defined as testicular volume <4 mL or Tanner stage G1 after the age of 14 years) in 3 (19%) patients, but none of these patients required puberty induction treatment. Age at pubertal onset was negatively correlated with BMI SDS (r = −0.54; P = 0.022).
During pubertal development, all NS patients had a testicular size in the normal range of healthy boys (Fig. 1C) .
Serum LH, FSH and testosterone levels
Serum LH, FSH and testosterone levels were low or undetectable during childhood and consequently uninformative, thereafter these hormones progressively increased from the onset of puberty (Fig. 1A, B and D) . In pubertal boys, LH levels were positively correlated with testosterone levels (r = 0.82; P < 0.001), and FSH levels were negatively correlated with inhibin B (r = −0.72; P = 0.002) and AMH (r = −0.75; P = 0.001) levels.
On the 36 available serum testosterone assessments, 32 (95%) values were above the 3rd percentile and 18 (66%) above the 50th percentile of normal reference values suggesting a normal Leydig cell function. In contrast, serum FSH levels were dramatically increased in four patients suggesting a Sertoli cell dysfunction.
Serum inhibin B and AMH levels
In contrast to the gonadotropins, the serum concentration of AMH and inhibin B, which are markers of Sertoli cells function, were above the detection limit throughout life, notably the prepubertal period, with marked variations according to age and pubertal status. The patterns of AMH and inhibin B secretion in NS patients were comparable to those of healthy children ( Fig. 1E and F) . Thus, serum AMH levels remained at a relatively stable level through childhood until the onset of puberty, when they progressively declined until adulthood. In contrast, serum inhibin B levels were high in infants, decreased gradually to reach a plateau around 5 years, then increased in early adolescence to reach a new plateau in late puberty. Before puberty, AMH levels were positively correlated with inhibin B levels (r = 0.69; P < 0.001). However, despite the same patterns of secretion, NS patients had significant lower levels of AMH (mean SDS: −0.6; P = 0.003) and inhibin B (mean SDS: −0,9; P < 0.001) compared with the general population (Fig. 1G, H and Tables 1, 2) , suggesting a Sertoli cell dysfunction.
The levels of these hormones varied according to the genotype. Lower AMH levels were found in NS-PTPN11 compared with healthy children (mean SDS: −0.8; P < 0.001). In contrast, inhibin B levels in SOS1 patients did not differ from healthy children (mean SDS: −0.2; P = 0.56) and tended to be higher compared to NS-PTPN11 patients (mean difference SDS: 0.8; P = 0.07).
Despite the fact that cryptorchid patients had significant lower AMH levels compared with healthy children, no difference was found between cryptorchid and non-cryptorchid patients for AMH and inhibin B levels (P = 0.43 and 0.62 respectively).
Surprisingly, GH-treated NS patients had significant lower serum AMH levels compared to non-treated NS patients (mean SDS: −1.1 vs −0.4; <0.001), whereas serum inhibin B levels were similar (mean SDS: −1.4 vs −0.9; P = 0.318).
Patients with primary hypogonadism
As mentioned above, four patients had the association of high FSH levels and low inhibin B levels suggestive of primary hypogonadism and were referred to the fertility centre for evaluation and fertility preservation. Clinical and biological characteristics are shown in Table 3 . All these four patients had a NS-PTPN11 mutation and a history of bilateral cryptorchidism. They had entered puberty spontaneously with normal progression and satisfactory development of secondary sexual characteristics. Serum testosterone concentrations were normal in all cases. Semen analysis revealed azoospermia in one patient and severe cryptozoospermia in the three other patients. One patient had scrotal ultrasonography, which found testicular microlithiasis.
Discussion
In this study, we report the gonadal function, covering the pituitary gonadotropins and both tubular and interstitial functions of the testes, in a large series of boys with a genetically confirmed diagnosis of NS.
First, we found that the onset of puberty was delayed in NS boys. The mean age of pubertal onset in our patients (13.5 years) was delayed of about 2 years compared with the general population (11.7 years in healthy Danish boys) (25) . This is consistent with previous data reporting a mean age of pubertal onset between 13.5 and 14.5 years in NS boys (7, 8, 9, 26) . Interestingly, age at puberty onset was negatively correlated with body fat, boys with a lower BMI being more likely to have delayed puberty. It is extensively reported that nutrition and adiposity are major determinants of pubertal onset and timing. Despite extensive data demonstrating an inverse association between body fat and age of pubertal onset in girls (27, 28) , relationship between BMI and onset of puberty in boys is less consistent. It has been suggested that the association between body fat and age of pubertal onset in boys may be nonlinear with delayed puberty seen in very lean as well as in very obese boys (25) . As previously reported in NS (19, 29, 30) , our patients displayed a lean phenotype with a BMI in the lower normal range which may influence the timing of puberty. The relationship between fat mass and puberty may be mediated by several factors, including leptin, the levels of which are very low in our patients. Many animal experiments and human studies have shown that leptin is an important signal in the initiation of puberty (31) . Thus, mice or humans who have mutation in leptin gene exhibit central hypogonadism, which is reversed by leptin treatment. Lower leptin levels have also been reported in adolescent boys with constitutional delay of growth and puberty (32) . Interestingly, besides its role on the hypothalamus-pituitary-gonadal axis, leptin may also have local effects on the function of testis and spermatogenesis. Thus, leptin inhibit testosterone secretion by downregulating cAMP-dependent activation of steroidogenic genes expression (33) .
Despite the fact that it was delayed, the puberty started spontaneously in all our patients suggesting a normal hypothalamic-pituitary input. In contrast, our data suggest a primary testicular insufficiency in NS patients. Normal testicular function results from the combination and interaction between seminiferous tubules and interstitial tissue functions. Tubular function can be assessed by the determination of serum AMH and 
0.07 *Estimated means, confidence intervals (CIs) and P values were calculated using a linear mixed model for repeated measures with a robust variance estimator; † means SDS were compared with those of the general population using the one-sample Student test, assuming an average SDS of 0 in the general population.
inhibin B levels which are markers of Sertoli cell function, and in adults, by sperm analysis which reflects germ cell development. Interstitial tissue function can be assessed by the determination of serum testosterone, which is secreted by Leydig cells. Primary hypogonadism may result either from the impaired function of all testicular cell populations or from the predominant dysfunction of one specific cell population. In our study, NS adolescents display normal to high testosterone levels suggesting a normal or compensated Leydig cell function, which is in accordance with the positive role of SHP2 on testosterone production (18) . However, a future Leydig cell impairment in older NS adults cannot be excluded. In contrast, despite similar patterns of secretion, serum AMH and inhibin B levels of the entire NS cohort were in the low normal range throughout all development stages. Moreover, four patients among the 16 children (25%) who had entered puberty had azoospermia or severe oligospermia. All these data suggest a Sertoli cell-specific primary insufficiency in NS at least in adolescent and young adults. In order to validate our results, further studies involving semen analysis and testicular biopsies would be interesting. In the literature, histological analyses of testes performed in few NS patients, all of them with cryptorchidism, mostly found interstitial fibrosis associated with abnormalities of the seminiferous tubules (i.e. reduction of tubular diameter, Leydig cells per seminiferous tubules, and spermatogonia per tubule) (34, 35) . To our knowledge, semen analysis was reported once with low sperm count in one NS male (8) .
Whether the abnormalities observed in testicular function in cryptorchid NS patients are due to the ectopic gonadal position or to the primary genetic disorder is difficult to determine. Indeed, it has been suggested that cryptorchidism reported in up to 80% of NS males (8) may be responsible for impaired fertility. Indeed, young males (without NS) who had been operated on for cryptorchidism in childhood often display Sertoli cell dysfunction characterized by low testicular volume, high FSH levels and impaired sperm quality (36, 37, 38) ; in these cryptorchid patients, Leydig cell function seems to be compensated with normal testosterone levels associated with normal to increased LH levels. However, in our study, no difference in Sertoli cell markers was shown between cryptorchid and non-cryptorchid NS patients. This point is in accordance with previous reports showing Sertoli cell dysfunction in NS male with normal testicular descent (12, 13) that could suggest an intrinsic defect of these cells. SHP2 inhibition/gene invalidation has previously revealed a positive role for SHP2 male gonadal function. Its invalidation in Sertoli cell or in germ cells impair BTB and SSC maintenance, resulting in male infertility (16, 17) . These effects are associated to ERK signalling downregulation and reduced expression of FSH and testosterone target genes. Consistent with this, disruption of MEK/ERK signalling in Sertoli or Leydig cells impair spermatogenesis and reduced fertility (39, 40) . This is at odds with our finding that NS-causing mutations, which activate SHP2 and the RAS/ERK pathway, also result in Sertoli cell impairment and reduced fertility. These apparent discrepancies could be explained by the fact that fine-tuned regulation of SHP2 and RAS/ERK might be necessary to ensure proper Sertoli cell function. Supporting this view, expression of a hyperactivating mutant of SHP2 alter Sertoli cell function, and it has been shown that periodic activation of ERK 1/2 is necessary for Sertoli cell maturation (15) . Such spatiotemporal regulation could also explain that both gain-of-function and loss-of-function mutations of PTPN11 could give rise to similar phenotype. Genotype-phenotype correlations have been reported for certain features of NS, but few data are available concerning the relationship between genes and gonadal function. In our study, the frequencies of the genotypes were similar to those previously described in patients with a genetically confirmed diagnosis of NS, with a vast majority of NS-PTPN11 patients (about 70%) (2) . Interestingly, Sertoli cell markers levels significantly varied according to the genotype with lower levels in NS-PTPN11 and RAF1 patients than in SOS1 patients. Of note, the same impact of genes was found for growth impairment, infants with SOS1 mutations being less short than those with NS-PTPN11 or RAF1 mutations (19) . These differences between genotypes may be explained by variations in the degree of activation of the RAS/ERK signalling pathway or by differential, genotype-dependent, tissue specificity. Indeed, it has been reported that a periodic activation of ERK1/2 is necessary for Sertoli cells maturation, so that both quantitative and qualitative changes in this signalling pathway can result in Sertoli cell dysfunction (39). However, no genotype/phenotype correlation studies have been reported to quantitatively assess the level of RAS/ERK hyperactivation or to document the tissue/ organ pattern of RAS/ERK dysregulation. Alternatively, some specific mutants may induce dysregulation of other signalling pathways, which might counteract or synergize with RAS/ERK hyperactivation. These data may provide insight into the mechanisms underlying delayed puberty and infertility, which are still incompletely understood.
Surprisingly, serum AMH and inhibin B levels were significantly lower in GH-treated NS patients. This is discordant with other article reporting that GH therapy has no significant effect on testicular function (24) . This observation may only reflect the severity of the disease, the shortest NS patient also displaying the more severe testicular impairment.
This study reports clinical and hormonal data on gonadal function, during childhood and puberty, in one of the largest series of NS male patients. Another strength of this study lies in the genetic diagnosis of NS in all patients that allow us to look for genotype-phenotype correlations for the first time. However, only few patients were longitudinally followed up and except for the NS-PTPN11 patients, this study was limited by the small quantity of data in the other subcohorts. Another limitation of our study is that, because of the retrospective design of the study, several kits were used for hormone assays.
Conclusion
This retrospective study suggests a normal albeit delayed onset at puberty. In contrast, our data reveal a Sertoli cellspecific primary insufficiency in NS at least in adolescent and young adults. Prospective long-term follow-up studies are required to further investigate gonadal function and fertility in NS adults.
